Plants and microorganisms are known to synthesize aromatic amino acids by the shikimate pathway (30). One step in the pathway in microorganisms is the phosphorylation of shikimate. The enzyme which catalyzes that reaction, shikimate kinase (EC 2.7.1.71 ATP:shikimate 3-P-transferase) has been reported to be present in cell-free preparations of microorganisms and lower plants (4, 11, 13). We recently found shikimate kinase in cell-free preparations of etiolated shoots and mature green stems of Sorghum (7), and Koshiba (16) subsequently detected the enzyme in preparations of Phaseolus mungo. However, the partial purification and characterization of shikimate kinase and the in vivo phosphorylation of exogenously supplied shikimate have not been described.
Plants and microorganisms are known to synthesize aromatic amino acids by the shikimate pathway (30) . One step in the pathway in microorganisms is the phosphorylation of shikimate. The enzyme which catalyzes that reaction, shikimate kinase (EC 2.7.1.71 ATP:shikimate 3-P-transferase) has been reported to be present in cell-free preparations of microorganisms and lower plants (4, 11, 13) . We recently found shikimate kinase in cell-free preparations of etiolated shoots and mature green stems of Sorghum (7), and Koshiba (16) subsequently detected the enzyme in preparations of Phaseolus mungo. However, the partial purification and characterization of shikimate kinase and the in vivo phosphorylation of exogenously supplied shikimate have not been described.
The flow of C through the shikimate pathway to the major branch point chorismate is controlled in microorganisms by feedback inhibition and repression of D-arabinoheptulosonate-7-P synthetase (21) and, in Bacillus subtilis, of shikimate kinase (13) . Such phenomena have not been demonstrated in green plants (14, 28) and the mechanisms which regulate the formation of chorismate are unknown. Green plants may differ from microorganisms in providing alternate fates for shikimate and its precursors (26, 27 This paper reports evidence for the phosphorylation of exogenously supplied shikimate by etiolated shoots and segments of green stems of Sorghum, the partial purification of the shikimate kinase of green stems and some characteristics of that enzyme preparation.
MATERIALS AND METHODS
Reagents and Supplies. Chemicals were generally commercially available reagent grade and were used without further purification.
Shikimic acid was purchased from Calbiochem, [U-nC]shikimic acid (20.7 Ci/mmol) from New England Nuclear, Na2ATP from Sigma, and analytical grade ion exchange resins from Bio-Rad. The sources of other reagents and supplies are indicated parenthetically at first mention.
Plant Material. Etiolated seedlings and green plants of Sorghum bicolor (L.) Moench cv. Sordan 70A (Northrup-King) were grown as previously described (7) . Three-day-old etiolated shoots or green stems harvested at the time of emergence of the panicle were used in all experiments.
Chromatography. TLC was performed on silica gel layers (Brinkmann amended with a fluorescent indicator and prepared on glass plates) in closed, solvent-saturated chambers. Solvents were: [1] 1-propanol-concentrated NH40H-H20 (6:3:1, v/v); [2] Analytical Procedures. Free shikimic acid was determined by the periodate-thiobarbituric acid method of Milhican (18) , Pi by the phosphomolybdovanadate method (20) , total shikimate (including shikimate-3-P which reacts like shikimate) by the p-hydroxybenzaldehyde method (19) , and protein by the biuret method (12) after precipitation with 20%1o (w/v) trichloroacetic acid. In some experiments, the relative concentrations of shikimate-3-P and shikimate were determined from the A202. of Na+ shikimate-3-P prepared as described below was determined at 99.5 MHz in D20 relative to sodium 2,2,3,3-tetradeutero-3-trimethylsilyl-propionate (7).
Radioactivity Determinatons. The radioactivity of aqueous solutions was determined by liquid scintillation counting in a toluene cocktail containing Triton X-100 (2:1, v/v) with a final aqueous content of 10%o (v/v) . The toluene cocktail contained 0.6% (w/v) PPO and 0.01% (w/v) POPOP and was used for determining the radioactivity of toluene-miscible solutions or water-insoluble material. The radioactivity on thin layer chromatograms was determined by liquid scintillating counting after scraping sections of the sorbent into vials containing 10 ml toluene cocktail and 1 g CAB-O-SIL (Eastman). with dry ice with a mortar and pestle and boiled for 15 min in 50 ml of 50% methanol. After filtration, the insoluble material was boiled in 50 ml H20 for 15 min, filtered, and the filtrates combined. The methanol was removed in vacuo and 10 mg of Ba2+ shikimate-3-P (prepared from the culture filtrate of Klebsiella pneumoniae 1151) was added. The preparation was filtered through a pad of Celite analytical filter aid (Johns-Manville) and the filtrate was passed through a column of anion exchange resin AG 1-X8 (Cl-, 1.5 x 5.2 cm). The column was subsequently rinsed with 50 ml 10 mm of Tris-HCl (pH 9.0) and developed with a gradient prepared by allowing 0.6 M LiCl prepared in 10 mm Tris-HCl (pH 9.0) to flow into a constant volume of 250 ml of the Tris-HCl buffer. All solutions were passed through the column at 30 ml/h.
Metabolism
Fractions containing shikimate-3-P (peak B, Fig. 1 ) were combined, concentrated to 4 ml in vacuo, and material was precipitated with the addition of barium acetate and ethanol (15) itate was collected by centrifugation, washed with methanol, and dried with ether and N2. Dried material was dissolved in 1 ml of H20, passed through a column of AG 5OW-X8 (Na+, 0.4 x 2 cm) and the column effluent containing p-hydroxybenzaldehyde-reactive material concentrated with N2 to 0.3 ml. Fifty-,ul aliquots of this solution were mixed with 0.5 ml of40 mm NaHCO3 (pH 10.5) containing alkaline phosphatase (Sigma type V, 10 units/ml). A control preparation contained heated enzyme. After incubation at 37 C for 2 h, the preparations were lyophilized, the residues were dissolved in 200 A1 of H20, and analyzed by TLC together with shikimic and quinic acid and shikimate-3-P standards.
In a similar experiment, terminal 0.5-cm segments containing the shoot tip, first leaves, and upper portion of the coleoptile were excised from etiolated shoots. The cut ends of tips (0.66 g fresh weight) were immersed in 200 ,ul of a solution containing 10 mM D-glucose, 2 mm each L-phenylalanine, L-tyrosine, and L-tryptophan, 0.1% (v/v) Triton X-100, and 0.9 ,uCi I'4CJshikimate (20.7 Ci/mmol). The tips were briefly vacuum-infiltrated and removed to an illuminated (500-lux) fume hood. After 15 min and again after 50 min additional 100-,lI aliquots of infiltration solution (lacking shikimate) were added. After 60 min the soluble material from the tips and remaining liquid was extracted and analyzed essentially as described above for stems.
Synthesis of Shikimate-3-P by Cell-free Preparations. Shikimate kinase was prepared from 600 g frozen stem powder by Blue Dextran-Sepharose chromatography (see below). This preparation in 140 ml buffer containing 8 mm ATP and catalyzing the formation of 50 nmol shikimate 3-P/s under standard conditions (7) was incubated at 30 C with 3 mim shikimic acid, 50 mM Tris-HCl (pH 9.0), 10 mm MgCl2, 100 mg creatine-P, (Sigma), and 0.5 unit of creatine phosphokinase (Sigma type I) in a final volume of 560 ml. After 16 h, the solution was boiled and filtered through a pad of Celite. Shikimate-3-P was purified by anion exchange chromatography on AG l-X8 (Cl-, 2 x 9 cm) as above. Shikimate-3-P was located by monitoring Al/Ams ratio of the effluent, lyophilized, chromatographed on polyacrylamide gel P-2 (7), and recovered as the Ba2+ salt (15) .
DETERMINATION OF ENZYMIC ACTIVITIES
Shikimate kinase was determined by measuring ['4C]shikimate-3-P formed in the reaction solution previously described (7), but with 50 mm Tris-HCl (pH 9.0) replacing piperazine-N,N'-bis(2-ethanesulfonic acid). Either the Ba + precipitation method (7) or an ion exchange method was employed. For the latter, the reaction was stopped by the addition of 50 Al trichloroacetic acid (8.8%, w/ v) and the mixture was passed through a l00-,l column of AG I-X8 (CI-) in a disposable Eppendorf pipette tip plugged with a piece of glass wool. The column was washed with five 200-,ul portions of 0.3 M acetic acid and the resin was washed into a vial with 0.8 ml of H20, mixed with Triton-toluene cocktail, and counted. The combined counting and recovery efficiencies of both procedures were determined by adding ['4CJglucose (10 nCi, 230 Ci/mol) and hexokinase (0.1 unit) to the standard shikimate kinase assay solution containing nonradioactive shikimate and proceeding as above.
Kinetic constants for the shikimate kinase reaction were determined by the method of Eisenthal and Cornish-Bowden (10) with the aid of a computer program supplied by the authors.
Phosphatase activity (5) Step 1. Enzyme Extraction. Frozen Sorghum stem powder (7) was mixed with one of two buffer systems below and stirred at room temperature until the temperature of the mixture reached 2 to 5 C. All further operations were performed at 2 to 5 C. The mixture was squeezed through four layers of cheesecloth and centrifuged at 20,000g for 20 min. Floating solid material was removed with suction and the supernatant fraction was filtered through one layer of Miracloth (Chicopee Mills) to give a crude enzyme preparation. Extraction buffers were: (A) 0.2 M glycine, glycerol (25% v/v), 50 mm ascorbic acid, 15 mM MgCl2, and 2-mercaptoethanol (0.1% v/v) adjusted to pH 10.5 with NaOH; (B) 10 mm glycine, glycerol (15% v/v), 10 mM MgCl2, and 2-mercaptoethanol (0.1% v/v) adjusted to pH 10.0 with NaOH. For buffer A, equal quantities (g/ml) of tissue powder and buffer were mixed; for B, the ratio of buffer to tissue was 1.5 ml to 1.0 g and the pH was immediately raised to 10 with 1 M NaOH.
Step 2. Ammonium Sulfate Fractionation. The crude preparation was mixed with finely ground (NH4)2SO4 and stirred for at least 15 min after the dissolution of the salt. The fraction precipitating between 30 and 70%7b of saturation was collected by centrifugation, resuspended in 0.1 the original volume buffer B, and chromatographed on Sephadex G-50 (2.5 x 40 cm, medium mesh) in buffer B.
Step 3. Blue Dextran-Sepharose Chromatography. Blue Dextran 2000 (Pharmacia) was coupled with cyanogen bromide-activated Sepharose 4B (Pharmacia) essentially as described by Ryan and Vestling (24) except that the Sepharose was initially suspended in Pi buffer (22) and the cyanogen bromide was dissolved in acetonitrile (17) . After Sephadex G-50 chromatography, the shikimate kinase preparation was passed at a rate of 0.8 ml/min through a column (1.5 x 9.0 cm) of Blue Dextran-Sepharose which had been equilibrated with a buffer consisting of 4 mM glycine, 4 mm MgCl2, glycerol (15% v/v), and 2-mercaptoethanol (0.1% v/v) and adjusted to pH 10.0 with NaOH. The column was subsequently washed with 120 ml of equilibrating buffer and shikimate kinase was eluted with 80 ml of 8 mm ATP in equilibrating buffer. Fractions containing shikimate kinase activity were combined, amended with glycerol to a final concentration of 30%o (v/v), and used immediately or stored at -18 C. For some experiments, shikimate kinase solutions were subsequently desalted using polyacrylamide gel P-2.
Blue Sepharose Chromatography. A crude enzyme preparation in extraction buffer B was passed through a column (1.5 x 2 cm) of Blue Sepharose (Affigel Blue, Bio-Rad) which had been equilibrated with the same buffer as for Blue Dextran-Sepharose chromatography. The column was subsequently washed with 30 ml of equilibration buffer and 15 ml of equilibration buffer containing 0.2 M NaCl. Shikimate kinase was eluted with 11.4 ml of equilibration buffer containing 1 M NaCl. In other experiments, the column was washed with equilibration buffer containing 10 mM ATP or 10 mm shikimate, or both, prior to buffer containing 1 M NaCl.
RESULTS
Metabolism of 1"4ClShikimate. To determine whether intact tissue had the capacity to phosphorylate exogenously supplied shikimate, green stem segments were infiltrated with a solution of ["4C]shikimate, ATP, NaF, and KPi. After incubation and extraction, 44% of the supplied 14C was recovered in the soluble methanol fraction. Nonradioactive shikimate-3-P was added and the fraction was chromatographed on an anion exchange column with the results indicated in Figure 1 . Peak A corresponds to ["4CJshikimate and the position of radioactive peak B coincides with the peak of elution of the added shikimate-3-P. The fractions containing shikimate-3-P represent 1.4% of the radioactivity recovered from the stem segments. Shikimate-3-P was reisolated as the Ba2" salt and analyzed by TLC after treatment with active and denatured alkaline phosphatase. The major radioactive component of the aliquots treated with denatured phosphatase chromatographed with shikimate-3-P in solvents 2 ( Fig. 2A) and I (not illustrated) while the major radioactive component of the aliquots treated with active phosphatase co-chromatographed with shikimate in solvents 3 (Fig. 2B) and 4 (not illustrated). Radioactive compounds of mobility different from shikimate or shikimate-3-P were substantially absent in the preparation.
Similar results were obtained in an experiment with etiolated shoot tips. Approximately 1% of the 14C supplied to shoot tips was associated with shikimate-3-P after anion exchange chromatography. Treatment of this material with phosphatase and subsequent TLC gave results equivalent to those above.
Purification of Shikimate Kinase. Shikimate kinase prepared from green stems was most stable in buffers of relatively high pH containing glycerol, a divalent cation, and a weak reductant. Cellfree preparations were dialyzed against a buffer containing 4 mm glycine-KOH (pH 10.5), 4 mm MgCl2, glycerol (15%, v/v), and 2- Since crude shikimate kinase preparations contained an uncharacterized phosphatase which might interfere with kinetic measurements, shikimate kinase was partially purified by (NH4)2SO4 fractionation and affinity chromatography (Table I) .
As residual (NH4)2SO, from the precipitation step inhibited shikimate kinase, resuspended enzyme preparations were chromatographed on Sephadex G-50 prior to assay or further purification. During Blue Dextran-Sepharose chromatography, approximately equal quantities of shikimate kinase were unbound and were retained and eluted with ATP (Fig. 3) . This preparation (containing 30%o, v/v, glycerol) was stored at -18 C for several months with gradual loss of activity.
An alternate purification scheme was also developed which employed only chromatography on Blue Sepharose (Table I) . A 17-fold purification was obtained by eluting shikimate kinase from Blue Sepharose with NaCl. Recoveries were complete and crude enzyme preparations could be processed with no prior fractionation or desalting steps. Neither shikimate nor ATP, alone or in combination, could displace shikimate kinase from the Blue Sepharose at pH 10.0.
Characterization of Shikimate Kinase. Shikimate kinase prepared by Blue Dextran-Sepharose chromatography was partially characterized with respect to reaction parameters, contaminating enzymic activities, and interaction with potential effectors.
A preparation from Sorghum stems was previously shown to catalyze the formation of shikimate-3-P at pH 6.8 (7) . A product of the reaction catalyzed at pH 9.0 by partially purified shikimate kinase was purified as outlined under "Materials and Methods." The 'H-NMR spectrum of this product was identical to that reported for shikimate-3-P (7). The product contained 78% Ba3 (S-3-P)2.5H20 when analyzed by the method of Mossor and Schramm (19) and represented the conversion of 20%Yo of the initial shikimate into shikimate-3-P.
The enzyme preparation was free from detectable phosphatase and ATPase activity (less than 2.5% hydrolysis of 1 mm ATP in 40 min), but did contain substantial shikimate-dependent NADP+ reductase activity, 60 times the specific activity of shikimate kinase in the same preparation.
A divalent cation was required for maximal activity of the enzyme preparation. Mg2+ and Mn2+ were most effective with other metals substituting less effectively (Table II) . The optimal
Mg2+ concentration was near 10 mm in the presence of 2 mm ATP.
The optimal pH for shikimate kinase activity was 4 also contains a representation of shikimate kinase activity as a function of ATP concentration in the absence of ADP. While ADP did reduce activity, the curve was shallow and concave downward. At an ATP mol fraction of 0.6 (corresponding to an energy charge of 0.8 [1] ), activity was reduced by only 25% from that at a mol fraction of 1.
The other inhibitors listed in Table III are probably of no physiological significance, but the inhibition by sulfate explains, in part, the generally lower activities of undialyzed shikimate kinase preparations which have been precipitated with ammonium sulfate. The inhibition by 250 mm NaCl is important in that this concentration is present during assays of shikimate kinase eluted from Blue Sepharose with 1 M NaCl and the 50%o inhibition must be taken into account when calculating the activity of those preparations.
DISCUSSION
Sorghum seedlings are active in the biosynthesis of several classes of aromatic compounds including lignin, phenolic acids and esters and flavonoids (25) from products of the shikimic acid pathway. At the time of emergence of the panicle, green stems are also active in the biosynthesis of aromatic compounds via the shikimic acid pathway, converting exogenously supplied shikimate into aromatic amino acids, phenolic acid esters and lignin (6) . As there is no doubt that shikimate-3-P is an intermediate in the shikimate pathway in lower organisms (1 1, 30) it is not surprising that Sorghum seedlings and stems also contain shikimate kinase and phosphorylate exogenously supplied shikimate.
The shikimate kinase preparation from Sorghum stems was not fully characterized. However, if isozymes were present, their substrate affinities must have been similar as no kinetic anomalies were observed. The partial adsorption of shikimate kinase to Blue Dextran-Sepharose cannot be taken as evidence for isozymes as similar behavior was reported by an apparently homogeneous preparation of rat brain hexokinase (29) . Rather, it has been suggested that such weak interactions result from a failure of the protein to accommodate during binding the bulk of the dextran moiety of Blue Dextran (29) . This view is supported by the quantitative adsorption of shikimate kinase to Blue Sepharose which lacks the dextran (9) .
The metal requirement and stoichiometry of the reaction were as observed in bacterial preparations (11, 13) and was expected for a simple phosphotransferase-type reaction. However, the pH optimum of the Sorghum preparation was much higher than that reported for bacterial enzymes (I 1, 13) . Although the Km values calculated for shikimate were similar in the Sorghum and B. subtilis preparations (13) , Km values calculated for ATP were quite different, 0.11 and 4.4 mm, respectively.
In contrast to the case with B. subtilis (13) , there is no evidence that shikimate kinase is an important regulatory enzyme in green plants. The enzyme was not inhibited by phenylalanine, tyrosine or tryptophan, alone or in combination. Slight inhibition was caused by p-coumarate and greater inhibition by caffeate. However, as caffeate is present in lower concentrations in stems (6) , the significance of these effects is unclear. The response of shikimate kinase to adenylate energy charge was concave downward rather than concave upward as expected for a biosynthetic enzyme (1) . However, the precursors of shikimate may be fully interconverted (2, 3) and utilized in other biochemical pathways in certain species (26, 27) . In such cases, shikimate kinase might control aromatic biosynthesis by catalyzing the first "irreversible" reaction unique to chorismate synthesis.
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